Studies centered at the intersection of embryogenesis and carcinogenesis have identified striking parallels involving signaling pathways that modulate both developmental and neoplastic processes. In the prostate, reciprocal interactions between epithelium and stroma are known to influence neoplasia and also exert morphogenic effects via the urogenital sinus mesenchyme. In this study, we sought to determine molecular relationships between aspects of normal prostate development and prostate carcinogenesis. We first characterized the gene expression program associated with key points of murine prostate organogenesis spanning the initial in utero induction of prostate budding through maturity. We identified a highly reproducible temporal program of gene expression that partitioned according to the broad developmental stages of prostate induction, branching morphogenesis, and secretory differentiation. Comparisons of gene expression profiles of murine prostate cancers arising in the context of genetically engineered alterations in the Pten tumor suppressor and Myc oncogene identified significant associations between the profile of branching morphogenesis and both cancer models. Further, the expression of genes comprising the branching morphogenesis program, such as PRDX4, SLC43A1, and DNMT3A, was significantly altered in human neoplastic prostate epithelium. These results indicate that components of normal developmental processes are active in prostate neoplasia and provide further rationale for exploiting molecular features of organogenesis to understand cancer phenotypes.
Introduction
Studies involving normal developmental processes have revealed important parallels with carcinogenesis that involve key signaling mechanisms controlling the three-dimensional growth and organization of tissues (1, 2) . Organogenesis is a complex process involving proliferation, pattern specification, and cellular differentiation orchestrated by an evolving transcriptional program (3). Many highly conserved pathways instrumental in dictating ordered organ and organismal morphogenesis, originally defined in model organisms such as Drosophila melanogaster and Caenorhabditis elegans, have been found to be altered in human cancers. Examples include networks involving Wnt/adenomatous polyposis coli/ catenins, Notch/Delta/Jagged, fibroblast growth factor, epidermal growth factor, transforming growth factor h (TGFh)/Smad, and Hedgehog/Patched/Smoothened. Importantly, information transmitted via pathways controlled by these molecular interactions dictates cellular behaviors beyond mitogenic responses to include positional sense, differentiation, invasion, motility, the production of matrix components, and synthesis of autocrine and paracrine signaling molecules.
Key features of normal prostate organogenesis involve characteristics that are also hallmarks of prostate neoplasia, including a dependence on hormonal signaling, severing of cell-cell contacts, invasion of epithelium into the organ microenvironment, cell migration, reestablishment of cell contacts, and the development of new blood vessel networks (4) . The prostate gland is an endodermal derivative of the hindgut first formed in late fetal life when androgen produced by the testis induces urogenital sinus (UGS) epithelial invasion into the mesodermally derived UGS mesenchyme (5) . The vast majority of work detailing prostate developmental processes has involved rodents in which the first prostate buds are visible at day 17 of embryogenesis. Branching morphogenesis shortly follows this inductive phase and proceeds through the first 15 days of postnatal life (6) . Androgen levels steeply rise at puberty (25-30 days postnatal in the mouse), resulting in prostate growth and terminal secretory differentiation that is complete by f45 days postnatal. Thus, the major events of mouse prostate development can be summarized in three broad steps that comprise prostate induction, branching morphogenesis, and secretory differentiation.
To date, the fundamental molecular processes mediating the malignant phenotypes of prostate cancer cells remain poorly defined. Because only limited temporal information can be gained from studies of any discrete focus of malignancy, we reasoned that systematically evaluating normal cellular processes that share features with prostate carcinogenesis may provide insights into additional networks, pathways, or individual molecular interactions that contribute to neoplastic growth. Prostate organogenesis and carcinogenesis both exhibit a dependence on androgenic hormones, and each is influenced by a complex cross-talk of paracrine factors operating between epithelium and stroma (mesenchyme; ref. 5) . Further, alterations in key developmental signaling nodes, such as the Sonic Hedgehog and Notch networks, exhibit reproducible alterations in prostate carcinomas (7) (8) (9) . Based on these findings, we sought to determine the relationships between the global genetic programs associated with the course of prostate organogenesis and those found to be influenced by oncogenic pathways leading to invasive cancer. Herein, we detail the characterization of transcriptional profiles corresponding to intervals of normal prostate organogenesis, define their relationships to genetically engineered mouse models of prostate carcinoma, and investigate associations with human prostate cancer phenotypes.
Materials and Methods
Mouse prostate tissue dissection, RNA isolation, and RNA amplification. All mouse studies were performed in accordance with Institutional Animal Care and Use Committee-approved protocols. Whole male UGS (E14.5, E15.5, E16.5, E17.5, and E18.5) or separated prostate lobes (P7, P30, and P90) were dissected from C57BL6/J mice and snap frozen in liquid nitrogen. For each biological replication, we pooled 3 to 10 mice representing one or two litters. RNA from pools of UGS or specific prostate lobes (vp, ap, and dlp) was prepared using the Qiagen RNeasy Mini kit. We included an on-column DNaseI treatment to remove contaminating DNA. Before RNA amplification, we combined equal quantities of RNA from vp, ap, and dlp for the postnatal prostate samples. We amplified 1 Ag of total RNA from each sample through one round using the Arcturus RiboAmp kit. For the E14.5 UGS reference sample, a second round of amplification was done to provide enough RNA for all microarrays. Quantitative reverse transcription-PCR (RT-PCR) showed no significant difference in the relative expression of two genes (Plzf and Pdgfd) between unamplified and amplified RNA.
Microarray analyses. cDNA microarrays enhanced for genes expressed in the developing mouse prostate were prepared as previously described (see Supplementary Data; ref. 10). The Pten-null prostate cancer data were generated in our laboratory and previously published (11) . The Myctransgenic prostate data were obtained online 7 (12) . Based on UniGene mapping, 3,641 unique genes were shared between the MPEDB and U74Av2 microarrays. Of these, 3,593 were in common with the 7,993 genes used in the time course data. Significance analysis of microarrays software was used to identify differentially expressed genes across prostate development or between cancer and normal samples (13) . Complete linkage hierarchical clustering was performed using Cluster 3.0 software (Eisen Lab) without weighting.
Principal component analysis (PCA) was performed using R. Expression values for each of the 7,993 genes were first centered to mean zero across the developmental time points spanning E15.5-P90. We performed PCA for all 7,993 mean-centered genes. The percent temporal variance captured by each of the first five temporal PCs was 29.8%, 16.3%, 8.8%, 7.6%, and 5.0%, with 100% of the variance captured by the first 41 PCs. To project the mouse prostate cancer models onto the development space, we implemented PCA on single-channel expression values for the mouse prostate development data and followed the methods described by Kho and colleagues (14) .
Gene Ontology analysis. Functional analysis of the genes was carried out using a Bayesian integrated analysis (see Supplementary Data for detailed methods). From the Gene Ontology (GO) database, we obtained data on 208 biological processes, 64 cellular components, and 151 molecular functions. These were selected from levels 2 to 6 of the GO hierarchy that were represented by >10 distinct genes on the array to enable robust statistical analysis.
Analyses of human prostate cancer gene expression and outcomes. The human orthologs for the 91 unique branching morphogenesis Genbank identifiers were identified using the HomoloGene database at the National Center for Biotechnology Information and mapped to each of three independent prostate cancer data sets (see Supplementary Data). For each gene, expression differences between normal and cancer were assessed by paired, two-sample t test of log 2 -transformed signal values. To evaluate the power for branching morphogenesis genes to predict prostate tumor behavior, we evaluated human prostate cancer gene expression data sets with attendant clinical outcomes (see Supplementary Data). Logistic regression was then used to measure the association between prostatespecific antigen (PSA) relapse and gene expression levels. We selected the genes associated with recurrent disease at the P = 0.05 level and used them to classify the tumor samples into two groups with k-means clustering (see Supplementary Data for methods). The difference in disease-free survival, defined as no PSA relapse >0.1 in any follow-up time point, for the two groups was quantified using the survDiff function in R.
Results
Patterns of gene expression associate with stages of prostate development: prostate induction, branching morphogenesis, and secretory differentiation. The major events of mouse prostate development can be summarized in three steps: (a) prostate induction at E17.5, (b) branching morphogenesis at E18.5 through postnatal day 15, and (c) secretory differentiation at postnatal days 25 to 45. To characterize the transcriptional program associating with these events, we profiled gene expression in the prostate or prostate precursor tissues at seven time points corresponding to key stages of prostate organogenesis: embryonic days E15.5, E16.5, E17.5, and E18.5 and postnatal days P7, P30, and P90 ( Fig. 1) . We generated three independent biological samples for each time point and each sample was hybridized in a replicate design to a cDNA microarray designed to assess gene expression in the mouse prostate gland (10, 15) . To make the time points directly comparable, a common reference RNA consisting of E14.5 male UGS was included. Comparing transcript levels derived from different developmental stages back to E14.5 reflects the unfolding program of prostate development in relationship to the most undifferentiated state. Overall, 70% of the expressed genes (5,586 unique transcripts) were significantly changed over the time course [false discovery rate (FDR) < 1%]. Because of the large number of replicates (n = 6 per time point), we were able to statistically detect small changes in gene expression but chose to arbitrarily confine further analyses to the significant genes with the highest temporal variance during organ development (mean of 5.6-fold difference; range, 2.1-fold to 237.9-fold; n = 2,000).
Hierarchical clustering of genes with the highest variance over the developmental time course revealed several distinct profiles ( Fig. 1) . One pattern, composed of 371 genes, was coincident with prostate induction, in which expression peaked in E16.5 or E17.5 UGS, decreased at E18.5 and day 7, and then fell sharply through puberty and adulthood. This cluster, designated the prostate inducer profile, included secreted frizzled-related proteins 1 and 2 (Sfrp1 and Sfrp2) and adult hemoglobin a and h chains (Hba-a1 and Hbb-b1). Secreted frizzled-related proteins are a class of Wnt pathway inhibitors that modulate Wnt signaling through direct binding to Wnt ligands as well as binding to frizzled receptors (16) . Sfrp1 promotes prostate growth and branching morphogenesis in cultures of rat neonatal ventral prostate and stimulates the growth of immortalized human prostate epithelium (17) . To our knowledge, the functional role of Sfrp2 in prostate induction has not been characterized. Hba-a1 and Hbb-b1 encode the major hemoglobins of adult erythroid cells. Embryonic forms of hemoglobin (Hba-x, Hbb-y, and Hbb-z) were detectable at extremely low levels in UGS before prostate budding and not expressed at subsequent time points (data not shown). The expression of hemoglobin genes in nonerythroid tissue was unexpected but not unprecedented (18) . Of interest, a transgenic mouse model designed to study erythroleukemia using fetal g-globin or h-globin promoters to drive SV40T antigen was unexpectedly found to develop prostate carcinoma (19) .
To validate the temporal profile of Sfrp1, Sfrp2, Hba-a1, and Hbbb1 expression, we performed quantitative RT-PCR at each of the seven time points, producing results that were highly concordant with the microarray measurements ( Supplementary Fig. S2 ). Immunoblots with antiserum recognizing adult hemoglobins confirmed high protein levels at E16.5 with a rapid decline over subsequent time points ( Supplementary Fig. S3 ), and immunofluorescence localized hemoglobin protein expression to the UGS mesenchyme, with no evidence of expression in the epithelial cells of the developing prostate ( Supplementary Fig. S4 ).
We expected genes associated with branching morphogenesis to increase expression levels after prostate induction (E17.5), peak at day 7, and fall during puberty and adulthood. Of the most variant genes, 108 (5.4%) strongly fit this profile, including platelet-derived growth factor a (Pdgfa), follistatin (Fst), bone morphogenetic protein 1 (Bmp1), inhibin a (Inha), activin A receptor type II-like 1 (Acvr1), and TGFb receptor 3 (Tgfbr3; Fig. 1 ). Bmp1 and Inha are secreted morphogens in the TGFh superfamily, whereas Fst is a secreted inhibitor of the TGFh family member activin A. The high representation of ligands (Bmp1, Inha, and Fst) and receptors (Acvr1 and Tgfbr3) that modulate TGFh signaling suggests a role for the TGFh pathway specifically in prostate development. This is supported by evidence that TGFh, activin A, and Fst each influence prostate branching morphogenesis in neonatal rodent ventral prostate cultures (20, 21) .
The third profile we examined were genes associated with terminal secretory differentiation. The mouse prostate begins to produce secretory proteins that contribute to the seminal fluid just before puberty, at f30 days postnatal. We expected these genes to exhibit low or absent expression at early time points, rise at fday 30, and remain high after maturity (22) . Three hundred and fortytwo of the temporally variable genes in our analysis fit this profile (Fig. 1) . All of the known mouse prostate secretory proteins were present in this group, including probasin (Pbsn), spermine-binding protein (Sbp), serine protease inhibitor Kazal type 3 (Spink3), transglutaminase 4 (Tgm4), seminal vesicle secretion 2 (Svs2), and prostate h defensin 1 (Pbd1/Defb37).
A previous report by Abbott and colleagues (15) used abundance measurements of expressed sequence tags determined from developmental stage-specific cDNA libraries to identify 285 genes altered during mouse prostate genesis. Of these genes, 192 were present on the microarrays used in the present study. We compared Figure 1 . Gene expression programs across temporal stages of prostate development. Hierarchical clustering of the 2,000 unique genes with the highest temporal variance across mouse prostate development is depicted as a heat map in which red indicates higher expression relative to E14.5 UGS and green indicates lower expression. E15.5, E16.5, E17.5, and E18.5 are samples of embryonic UGS, whereas days 7, 30, and 90 are of postnatal prostate. Cluster dendrograms show that repeated samples from the same time point cluster together, excepting that the closely related time points of E16.5 and E17.5 UGS are not distinguished. The prostate inducer profile, branching morphogenesis profile, and secretory differentiation profile are identified to the right of the heat map with a black, red, and turquoise bar, respectively. Examples of specific genes exhibiting these profiles are given as HUGO identifiers along with plots of their behavior over the time course. The Y axes are log 2 ratios relative to E14.5 UGS.
the ''virtual'' expression analysis of these genes with transcript levels measured by microarray hybridization over roughly the same time course. Hierarchical clustering revealed concordance between the previous in silico analysis and the microarray results, with most genes exhibiting qualitatively similar temporal profiles (data not shown).
Gene functions associated with specific stages of mouse prostate development. To determine how developmental shifts in mouse prostate gene expression correlate with biological function, we mapped GO identifiers for biological processes, molecular functions, and cellular components onto genes represented on the mouse prostate microarray. We used a Bayesian model that incorporates uncertainty associated with microarray normalization and gene classification to assess the probability of functional enrichment (23) . We confined our analysis to GO terms that were represented by at least 15 genes to ensure that functional conclusions were not drawn from categories with little overall representation. We found that several broad functional classes, such as morphogenesis (GO:0009653), cell communication (GO:0007154), and cell proliferation (GO:0008283), were active at earlier time points (P > 0.9), whereas immune response (GO:0006955) and transporter activity (GO:0005215) were enriched in puberty and adulthood.
To examine functional activities specifically associated with prostate induction, branching morphogenesis, and secretory differentiation, we estimated the proportion of up-regulated genes assigned a GO term at each time point and compared this with the proportion on the microarray as a whole. Hierarchical clustering of 422 GO categories revealed functions that closely followed the prostate inducer and branching morphogenesis profile, but surprisingly, no functions strongly fit the secretory differentiation profile (Supplementary Fig. S1 ). Although many GO categories peaked at days 30 or 90, most of these also exhibited a second minor peak at E16.5 or E17.5 ( Supplementary Fig. S1 ). Functions associated with the prostate inducer profile included cell-cell signaling (GO:0007267), cell-cell adhesion (GO:0016337), cell cycle (GO:0007049), and the Wnt signaling pathway (GO:0016055; Supplementary Fig. S1 ). In addition to Sfrp1 and Sfrp2, we found that expression of Wnt2, Wnt4, Wnt5a, Dkk2, and 13 other Wnt pathway components (out of 33 genes on the array annotated to GO:0016055) followed the prostate inducer profile. The cell-matrix adhesion (GO:0007160) and integrin-mediated signaling (GO:0007229) closely followed the branching morphogenesis profile. Integrin signaling is crucial for ductal branching morphogenesis and several integrins are developmentally regulated (24, 25) . We found that integrins a3, a4, a6, a7, h1, h4, and h6 as well as integrin-linked kinase and RhoA peaked in expression at postnatal day 7, during the time of active branching morphogenesis. Taken together, these analyses suggest involvement of the Wnt pathway in prostate induction, whereas integrins and TGFh signaling may play a more prominent role in branching morphogenesis.
Genetically engineered mouse models of prostate cancer share molecular features with early prostate development. It has been proposed that common mechanisms are shared between development and cancer in which neoplastic lesions recapitulate the events of normal development in reverse, progressing from a differentiated to a dedifferentiated state (26) . Importantly, key features of organogenesis involve cellular characteristics that are also hallmarks of neoplasia. In this context, expression profiling of mouse cerebellum, lung, and colon has revealed strong organspecific connections between developmental programs and cancers arising in these tissues at a genome-wide level (14, 27) . To explore relationships between prostate development and neoplasia, we evaluated two well-characterized genetically engineered mouse models of prostate carcinogenesis, a prostate-specific deletion of the Pten tumor suppressor gene (11) , and a prostate-specific overexpression of the Myc oncogene (12) . Mice with homozygous deletions of Pten develop invasive prostate cancer by 9 weeks of age. A previous study using microarray-based quantitation of gene expression in Pten À/À tumors identified 285 up-regulated and 241
down-regulated genes (z2-fold difference; FDR V 15%) compared with normal prostates from litter-matched controls (11) . To determine relationships between genes regulated during prostate oncogenesis and the developmental phases of the prostate, we examined the behavior of the 526 Pten À/À tumor-associated genes over the prostate development time course by PCA using an approach described by Kho and colleagues (14) . In normal development, the dominant overall trend involved genes expressed highly at either end of the developmental spectrum. This pattern was reflected by the first temporal PC (PC1), where those genes expressed at high levels early in development and subsequently monotonically decrease to low levels at prostate maturity receive a negative first PC (PC1 < 0) and genes expressed at low levels in embryogenesis and high levels at maturity comprise a positive first PC (PC1 > 0). Using the convention of Kho and colleagues, we labeled genes with negative PC1 values the prostate early mouse partition (PEMP) and the cohort with positive PC1 values the prostate late mouse partition (PLMP; Fig. 2A (Fig. 2B ). To address how many genes we would expect to segregate to early or late development by chance alone, we selected 526 genes from the developmental time course at random and performed PCA analysis. Repeated random samples of 526 genes showed that 44.3% and 55.7% segregated to early and late development, respectively. Therefore, more PEMP genes are expressed highly in Pten À/À tumors than expected by chance (50.1% compared with 44.3%) and more PLMP genes are downregulated (86.7% compared with 55.7%). Hypothesis testing for equality of proportions revealed that the enrichment of both the up-regulated Pten À/À tumor genes in the expression program of early prostate development and down-regulated genes in late development was highly statistically significant (P < 10 À5 ). The odds ratio of an up-regulated Pten tumor gene segregating with early development was 6.6 (95% confidence interval, 4.2-10.2; P < 10 À5 , m 2 ). To investigate if the association we observed between prostate cancer and prostate development is generalizable, we analyzed a second model of prostate carcinogenesis generated by overexpressing the Myc oncogene in prostate epithelium. Microarraybased expression profiling studies of Myc-overexpressing prostate tumors were previously reported (12), and we identified 165 differentially expressed genes (z2-fold differential expression; FDR V 15%) from this study with corresponding features in our developmental time course experiments. PCA analysis of the behavior of these genes in the developmental time course revealed that 74.2% (49 of 66) of Myc up-regulated genes segregated to early development, whereas 87.9% (87 of 99) of Myc down-regulated genes were associated with late development (Fig. 2C) . Proportions testing indicated that these enrichments were highly significant (P < 10
À5
). The odds ratio for Myc up-regulated genes being associated with early prostate development was 20.9 (95% confidence interval, 9.2-47.3; P < 10 À5 , m 2 ). To determine if the association between prostate cancer gene expression and aspects of normal organogenesis simply represents a generic developmental profile, rather than organ-specific developmental states, we analyzed the prostate cancer expression signatures in the context of a temporal gene expression profile of mouse lung development, an organ system that also involves branching morphogenesis (28) . Using the PCA used for the prostate studies, we found no significant associations with stages of lung morphogenesis.
Genes altered in murine prostate adenocarcinoma map to the branching morphogenesis stage of prostate development. We next sought to place the cellular phenotype of neoplastic prostate epithelium, represented by its molecular program of Figure 2 . Gene expression maps associating prostate cancer and early development. A, an ''egg plot'' depicts the 7,993 genes expressed over the developmental time course plotted according to PC1 and PC2, where PC1 captures 39% of the variance. Genes with a negative PC1 tend to steadily increase over developmental time (early genes, gray dots), whereas genes with a positive PC1 tend to steadily increase over the time course (late genes, black dots ). For comparison, heat maps depict the developmental behavior of the early genes (with the most negative PC1), and the late genes (with the most positive PC1) above the corresponding dots on the plot, where dark indicates greater relative expression and light indicates lower expression. The seven time points are ordered on the heat maps from E15.5 on the left through adult on the right (E15.5 UGS, E16.5 UGS, E17.5 UGS, E18.5 UGS, day 7 prostate, day 30 prostate, and day 90 prostate). B, prostate developmental expression profile of 562 genes that are regulated 2-fold (FDR < 15%) in Pten -null tumors compared with wild-type tissue. Gray triangles, Pten down-regulated genes; black circles, up-regulated genes. C, prostate developmental expression profile of 165 genes that are regulated 2-fold (FDR < 15%) in prostates overexpressing Myc compared with wild-type tissue. Gray triangles, Myc down-regulated genes; black circles, up-regulated genes. Note the correlation of prostate cancer up-regulated genes (black circles) with early developmental genes and cancer down-regulated genes (gray triangles ) with late developmental genes.
expressed genes, on the continuum of prostate development. We first specifically evaluated associations between Pten À/À and Myc cancer profiles with the induction, branching morphogenesis, and secretory differentiation profiles by comparing the proportion of developmental profile-related genes that received positive t statistics (up-regulated) in the tumors to the expected proportion based on the number of genes with positive t statistics in the entire data set. The prostate inducer profile was significantly enriched in the Pten À/À tumors but not in the Myc-driven tumors [Pten À/À : 193 of 294 (65.6%) genes up-regulated, P < 0.00001, proportions test; Myc: 113 of 193 (58.5%) genes up-regulated, P = 0.27, proportions test]. The branching morphogenesis profile was strongly enriched in both the Pten À/À and Myc-driven cancers [Pten: 72 of 91 (79.1%) genes upregulated, P < 0.00001, proportions test; Myc: 49 of 64 (76.6%) genes up-regulated, P < 0.0005, proportions test]. Conversely, over 70% of genes associated with the secretory differentiation profile were down-regulated in both Pten-null and Myc-driven cancers. We next projected the expression profiles generated from individual Myc or Pten À/À tumors onto the genomic developmental trajectory of the mouse prostate represented by PCs (Fig. 3A) . Pten tumors localized in a tight cluster between P7 and P30, whereas Myc tumors were more dispersed over developmental space slightly preceding and slightly following postnatal day 7 (Fig. 3B ), a finding that may reflect the pleiotropic activities attributable to the Myc protein (29) . We are not aware of any morphologic features differing between these models that would account for their placement on the developmental time course. Together, these results are concordant with our findings that up-regulated and down-regulated genes in murine prostate cancer segregate with early and late development, respectively. In addition, these data suggest that genes comprising the branching morphogenesis profile may contribute to processes influencing carcinogenesis. Genes comprising the branching morphogenesis program are altered in human prostate carcinoma. The complex developmental process of branching morphogenesis involves several features that are also operative in invasive prostate cancers. These include cellular processes contributing to cell movement, adhesion, invasion, division, and death that are extensively influenced through interactions with surrounding mesenchyme and extracellular matrix. To determine if genes operative in the normal branching morphogenesis program exhibit elevated activity in human prostate cancers, we evaluated transcript abundance levels of orthologous human genes measured by microarray-based profiling studies of human tumors. These comprised two studies, True and colleagues (30) and Tomlins and colleagues (31) , where microdissected epithelium was acquired, and one study reported by Lapointe and colleagues (32) that used macrodissected tissue samples. Overall, in each data set, f20% of the genes comprising the murine branching morphogenesis program were found to be statistically increased in human prostate cancers relative to benign tissue. Although the gene representation varied across studies, in a large part due to different probes present on the different microarray platforms, several genes exhibited significant increases in prostate cancers consistently including peroxiredoxin 4 (PRDX4), SLC43A1/POV1, and the DNA (cytosine-5-)-methyltransferase 3a (DNMT3A; Fig. 4) . Importantly, many of the genes comprising the branching morphogenesis network have not been extensively studied in the context of prostate neoplasia.
We next sought to determine if genes associated with branching morphogenesis were associated with malignant tumor characteristics. We evaluated a data set reported by Stephenson and colleagues (33) that used microarrays to profile transcript levels in prostate tumors from 79 patients with attendant clinical follow-up delineating biochemical relapse after radical prostatectomy. Of the 91 genes comprising the BMP, 84 had orthologs represented in this data set. A single estimate of the expression level in each sample was generated and the association between PSA relapse and transcript levels was determined by logistic regression. We found that 14 genes were significantly associated with disease relapse (P V 0.05) and a classifier using this gene signature provided discriminatory outcome information associating with disease recurrence (m 2 = 14.4; P < 0.001; Fig. 4 ). Further confirmation of the independent predictive power of genes comprising the branching morphogenesis profile will require a directed study with long-term clinical outcomes that incorporates other risk factors associated with tumor behavior. . Genes comprising the branching morphogenesis signature are dysregulated in human prostate cancer and associate with outcome. Microarray-based measurements of SLC43A1 (A), PRDX4 (B ), and DNMT3A (C ) transcript abundance levels between normal (N ; circles ) and cancerous (C ) epithelium (triangles ) are plotted from three independent data sets. For True and colleagues data (n = 35), differences between normal and cancer were assessed by paired, two-sample t test of log 2 -transformed signal values. For Lapointe and colleagues data (n = 41), differences between normal and cancer were assessed by paired, two-sample t test of log 2 -transformed ratios to cell line control. For Tomlins and colleagues data (n = 31), differences between normal and cancer were assessed by unpaired, two-sample t test of log 2 -transformed ratios to benign prostate pool. D, a 14-gene signature associated with branching morphogenesis was used to classify prostate cancer samples by disease recurrence as determined by PSA relapse. The difference in disease-free survival, defined as no PSA relapse >0.1 in any follow-up time point, for the two groups was quantified using the survDiff function in R and the P value was reported by log-rank test.
Discussion
Carcinomas arising in a diverse range of organs and cell types are known to display immature features and are accompanied by marked changes in gene expression (34) . A subset of genes aberrantly expressed in tumor cells is known to normally exhibit highly compartmentalized spatial and temporal expression patterns localized to specific stages of embryonic development (9, 35) . Several embryonic proteins, such as carcinoembryonic antigen and a-fetoprotein, have been developed into useful diagnostic tumor markers. However, with few exceptions, the overall relationships between tumors and developmental programs defined at the genetic level have not been evaluated (14, 27) . In this study, we sought to determine molecular features underlying events linked to normal developmental processes in the prostate gland and those accompanying neoplastic transformation. Overall, we identified significant correlations between gene expression profiles representing early stages of prostate organogenesis and two distinct mouse models of prostate carcinoma arising in the context of Pten loss or Myc overexpression. In general, transcripts differentially upregulated in carcinomas were more likely to also be expressed early in development and decline with progressive organ maturation, whereas genes expressed highly in the mature differentiated prostate gland were down-regulated in carcinomas. Similar overall trends were observed in studies comparing gut development and colorectal tumors (27) and of cerebellar development and medulloblastomas (14) . Together, these studies provide strong support for a general reactivation of primitive cellular programs operating to govern a range of phenotypic opportunities involving cell position, division, motility, and invasion that are provided by intrinsic and extrinsic cues.
The molecular profiles derived from prostate cancers exhibited the greatest association with the branching morphogenesis stage of prostate development. The process of branching morphogenesis involves a complex interplay of cellular events that in many ways recapitulates features of malignant cells (36) . The process is critical for the formation of arborized organs that span the development of tracheal networks in insects to a diverse array of human tissues that include the pancreas, lung, salivary gland, kidney, breast, and prostate (6, 37) . Branching morphogenesis entails reorganization of epithelial tissues to form complex but highly structured tubular assemblies that function to produce and transport fluids and gases over large surface areas (36) . A series of sequential and often iterative biochemical and biomechanical steps are required for the proper construction of the networks, and many of the key molecular features governing these processes have been elucidated. A critical component of the process involves the invagination and subsequent invasion of epithelial buds and outgrowths into surrounding mesenchyme. Importantly, the incursion of epithelium is highly dependent on signals derived from the surrounding stroma, an attribute increasingly recognized to play an important role in carcinogenesis. Key regulators of these processes include FGF10, Shh, Bmp4, TGFh, as well as members of the matrix metalloproteinase, a disintegrin and metalloproteinase, and serine protease families (38, 39) . The matrix metalloproteinases are of particular interest due to their integral roles in regulating epithelial-mesenchymal cross-talk and their influence on migratory processes through proteolysis of matrix molecules and the generation of motogens such as laminin-5 fragments (40) . The leading edge of migrating epithelial cells has been shown to exhibit mesenchymal phenotypes, allowing for penetration through matrix and stromal cell tissue constituents, a process also well described in the context of tumor cell epithelium to mesenchymal transition (41, 42) . Thus, tumors exhibiting transcript profiles congruent with a branching morphogenesis developmental stage might be expected to exhibit characteristics of enhanced invasion, metastasis, and early relapse after surgical resection.
The comparative profiling studies we report here identified several genes that have not been extensively studied in the context of normal developmental processes or prostate carcinoma. PRDX4 is a member of a multifunctional antioxidant protein family that primarily serves to provide cellular protection against oxidative stress (43) . Peroxiredoxin family members also regulate proliferation, in part through intracellular signaling cascades that apply hydrogen peroxide as a molecular second messenger. No known roles for PRDX4 have been described in the context of development, although other peroxiredoxin family members interact with the androgen receptor (AR) and modulate ARmediated signaling (44) . All of the prostate cancer studies we evaluated showed elevated expression of PRDX4 in neoplastic lesions. DNMT3A encodes an enzyme involved in de novo methylation of genomic DNA, a critical step for regulating genomic imprinting and X-chromosome inactivation. Prior studies have shown aberrant de novo methylation of growth-regulatory genes in human tumorigenesis (45) . To date, no specific role for DNMT3A has been shown for genitourinary tract developmental processes, although a myriad of developmental abnormalities results from deleting Dnmt3a in mouse models and conditional Dnmt3a mutant males show impaired spermatogenesis (46) . Studies in prostate cancer have shown increased Dnmt3a expression in tumors developing in the TRAMP model (47) , and increased DNMT3A expression has been associated with progression to androgen-independent growth in vitro (47, 48) . SLC43A1 encodes a protein that functions in the sodium-independent transport of neutral amino acids. SLC43A1 was originally identified as a transcript up-regulated in a clinically aggressive prostate cancer and designated POV1 (49). To date, there are no studies showing a mechanistic role for SLC43A1 in developmental processes.
In summary, global assessments of gene use in prostate cancers and normal development provide intriguing links between the two processes. This perspective allows for the identification of specific genes as well as regulatory patterns, pathways, and networks that operate to direct the complex processes required for both the homeostasis and evolution of normal and malignant tissues. Exploiting normal developmental systems may provide a convenient and tractable model to study mechanisms that play influential roles in invasive neoplastic growth.
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